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Abstract 
In the last few years there has been a growing focus on emissions from post-combustion CO2 capture plants. The 
main concern has been that plant emissions may result in a buildup of nitrosamines and nitramines in the 
environment. These compounds are carcinogenic and may form from reactions between amines and NOx. 
Nitrosamines and nitramines may be emitted from a CO2 capture plant or may form in the atmosphere as a result of 
emissions of amines or other degradation products. The present work will summarize the issue, discuss the current 
state of knowledge and identify remaining knowledge gaps. 
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1. Introduction 
As we are coming closer to building full scale CO2 capture plants there has been a growing focus on the 
impact of potential emissions from such plants. There is a need for establishing emission levels for CO2 
capture plants and designing and operating plants so they meet these emission limits. The issue is, in 
principle, no different from regulation of any other industrial emission. There are however no full scale 
CO2 capture plants in operation today and acceptable emission levels must be set without the benefit of 
historical data on plant emissions and their environmental impact. At present we are not aware of any 
regulatory standards for CO2 capture plant emissions. The current lack of regulations and prior experience 
with operating such plants means that there is some uncertainty concerning the acceptable emission levels 
for the first CO2 capture plants that come into operation. 
 
For amine-based post-combustion CO2 capture plants the main concern is the formation of nitrosamine 
and nitramine compounds. These may form when NOx species from the flue gas come into contact with 
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the amine solvent. Many nitrosamines and nitramines are known carcinogens. Nitrosamines are 
established environmental pollutants, while less is known about the occurrence of nitramines. Owing to 
their carcinogenicity, the acceptable exposure levels to nitrosamines and nitramines are expected to be 
very low. This means that even if solvent components and other degradation products are emitted in 
significantly greater quantities the factor determining acceptable plant emissions is likely to be 
nitrosamine and nitramines exposure. 
 
In order to determine if a CO2 capture plant has acceptable emission levels there are a number of factors 
that must be considered: composition of plant emissions, atmospheric chemistry and dispersion of 
emissions, fate of emitted compounds in the environment, degradation rates (e.g. biodegradation and 
photooxidation), toxicity and exposure risk of emitted compounds. The set of factors that must be 
considered in addressing plant emissions are summarized in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Environmental fate of plant emissions 
2. Chemistry 
Primary amines such as 2-ethanolamine (MEA) do not form stable nitrosamines, while secondary and 
tertiary amines may form stable nitrosamines. A variety of degradation products will be formed in the 
CO2 capture plant from reactions between the solvent and components in the flue gas. For primary amine 
solvents, nitrosamines can only be formed from such degradation products. Other solvents with secondary 
and tertiary amine functionalities are being considered for post-combustion application, for example 
piperazine and N-methyldiethanolamine. Such amines therefore have the potential to form stable 
nitrosamines within the CO2 capture plant. Nitramines can form from primary, secondary or tertiary 
amines. The NOx component that is likely to enter the liquid phase in the absorber is NO2. In the liquid 
phase NOx may form a range of species. Nitrite does not by itself react with amines to form nitrosamines, 
but it can do so in a reaction catalyzed by formaldehyde[1]. Formaldehyde does occur as a degradation 
product in amine systems and this pathway may be the dominant mechanism for nitrosamine formation in 
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CO2 capture plants. Other species that may contribute to nitrosamine formation are N2O3 and N2O4. 
Nitrate does on the other hand not contribute to the formation of nitrosamines or nitramines. More work is 
required to identify potential degradation mechanisms of nitrosamines under the conditions encountered 
in CO2 capture plants. 
 
 
 
 
 
 
 
 
 
3. Plant emissions 
There has so far been relatively little data reported on emissions from post-combustion CO2 capture 
plants. This is probably due, in part, to the fact that it is only in the last few years that there has been a 
focus on the environmental aspect of these emissions. Furthermore, many pilot-plants are also owned and 
operated by industrial organizations that wish to maintain confidentiality concerning their solvent 
systems. As a result, little data has been made publically available. 
 
The most studied solvent is 2-ethanolamine (MEA) and for this solvent there is some published data on 
emissions and formation of degradation products. A recent study found high MEA emissions, but low 
emissions of nitrosamines and nitramines at a pilot plant at Maasvlakte (in the Netherlands) [2]. The high 
MEA emissions were reportedly due to mist formation in the plant. The nitrosamines quantified were N-
nitrosodiethanolamine (NDELA), N-nitrosomorpholine (NMOR) and N-nitrosodimethylamine. NDELA 
was found in emissions in concentrations of around 20 ng/Nm3 dry gas, while the other compounds were 
present in lower concentrations. The EU project Cesar [3] and Aker Clean Carbon [4] have also reported 
finding low concentrations of nitrosamines (ppb levels) in pilot-plants running on MEA. In some other 
studies, only the emissions of the main solvent, MEA, have been investigated. From the Esbjerg pilot 
plant, MEA emissions of less than 0.7 mg/Nm3 have previously been reported [5]. In addition, the 
calculated emissions for the Amine Plant at Technology Center Mongstad have also been published [6]. 
The estimates are 0.5 ppm MEA emissions in a likely case, and 3 ppm MEA in a worst-case scenario.  
 
A recent study reports quantification of degradation products formed in a system operating with MEA [7]. 
In addition to ammonia, N-(2-hydroxyethyl) glycine (HeGly) and 4-(2-hydroxyethyl) piperazin-2-one 
(HEPO) are among the main degradation products identified and quantified. Most of the degradation 
products reported would appear to have low volatilities and would therefore only contribute to a limited 
extent to plant emissions. It seems likely that some of the degradation products formed from MEA may 
further react with NOx to form nitrosamines that have yet to be identified or quantified. However, any 
such compound is likely to be present in low concentrations and have a low volatility. This again suggests 
that such compounds are likely to be a very small contribution to the total plant emissions. 
 
Alkylamines also represent a potential chemical class of degradation products for MEA and other 
solvents. Such compounds are relatively volatile and may be a significant contribution to plant emissions, 
even if formed in low concentrations. In the case of MEA we are not aware of any data suggesting 
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alkylamines to be significant degradation products and it is expected that alkylamine emissions will be 
low. Very little data has however been published on emissions of such compounds.  
 
Overall, the available data suggest that for a CO2 capture plant operating with MEA, the emissions will 
primarily consist of ammonia and the MEA itself. Nitrosamines and nitramines will be present at ppb 
levels, while a range of other degradation products will also be present in low concentrations (ppb level or 
lower). For solvent systems other than MEA there is, to our knowledge, no published data on emissions. 
In general, we expect other solvents and solvent mixtures to have similar emission levels as MEA. Some 
solvent systems may have secondary and tertiary amines as main solvent component(s), the potential to 
form nitrosamines is in such a case likely to be higher. For such solvent systems the emission level of 
nitrosamines should be monitored more carefully. Furthermore, the emission of secondary and tertiary 
amines may also be more of an issue than emission of primary amines owing to their greater potential to 
form nitrosamines after being emitted from the plant.     
 
 
 
 
 
 
4. Atmospheric Chemistry 
The presence of amines in the atmosphere is nothing new, Ge et al. [8, 9]  provide a general review of the 
atmospheric chemistry of amines. One distinctive feature of emissions from a CO2 capture plant is that 
they may be relatively large point-sources of amines. As an example, the amine solvent emissions from a 
planned CO2 capture plant at Kårstø (Norway) for processing the flue gas from a 420 MW gas fired 
power plant was estimated to be in the range of 40-160 tons amine/year.  
 
In the last few years, there has been done substantial work on studying the atmospheric chemistry of 
amines and their potential conversion to nitrosamines and nitramines.  Much of this work has been carried 
out specifically to address concerns regarding emissions from CO2 capture plants. Nielsen et al. [10] have 
reported on the atmospheric degradation of MEA. In this work no nitrosamine species were detected. This 
is consistent with MEA itself not forming any stable nitrosamines. It is also seems unlikely that any 
secondary or tertiary amine can form to a significant degree from the degradation of a primary amine in 
the atmosphere. However, the study did report finding the nitramine form of MEA;2-(nitroamino)-
ethanol. Nielsen et al. [11] stated the molar yield of 2-(nitroamino)-ethanol will vary from 0.3 to 1.5% 
depending on NOx concentrations in the atmospehere. It should be noted that there are, at present, very 
few experimental studies of nitramine formation and degradation in the atmosphere reported in the 
scientific literature. 
 
Nielsen et al. [12] have also studied the atmospheric chemistry of the alkylamines methylamine, 
dimethylamine and trimethylamine. Formation rates for the conversion of  dimethylamine, to the 
nitrosamine form, N-nitrosodimethylamine (NDMA) are reported. The same study also gives photolysis 
rates for NDMA. Based on formation rates and photolysis rates the authors calculate steady state 
atmospheric yields of less than 0.6% in rural areas and less than 2.3% in urban areas (depending on 
atmospheric NOx concentrations). Yields of nitramines were also reported. These varied from less than 
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0.4% for methylamine to less than 5% for trimethylamine in rural conditions. For an urban scenario the 
yields were reported to be 3 times as high. The nitramines were reported not to degrade photochemically. 
 
The main pathway to nitrosamine and nitramine formation is through radical deprotonation of the amine 
group by an OH radical. Once deprotonated, the amines can readily react with NO or NO2 to form 
nitrosamine and nitramine. The OH radical is however only present in significant concentrations in 
sunlight. Since sunlight is a precondition for significant formation of nitrosamine and at the same time 
contributes to degradation of nitrosamines the extent of nitrosamine formation in the atmosphere is in any 
circumstance limited. For nitramines sunlight will also be a condition for atmospheric formation, but 
nitramines are photochemically stable. Therefore, there will generally be a higher potential to form 
nitramines in the atmosphere following emission of amines.  
 
All amine solvents utilized in CO2 capture are hydrophilic compounds and most degradation products are 
also expected to be hydrophilic. It is therefore likely that these compounds will accumulate readily in wet 
aerosols. As a result, wet deposition is considered to be a major removal process from the atmosphere for 
these compounds. Ge et al. [8, 9] describe in more detail the partitioning of amines in the atmosphere. 
 
 
 
 
5. Environmental fate 
Although a number of independent reports have been published which have specifically attempted to 
investigate the fate of amines and their degradation products in terrestrial and aquatic environments, little 
data has been subject to peer-review. Some preliminary studies indicate that both nitrosamines and 
nitramines are not susceptible to hydrolysis and, owing to their hydrophilic nature, will partition 
preferentially to the water phase rather than adsorb to soils and sediments. In surface waters, 
photooxidation can be an important degradation pathway. The susceptibility of nitrosamines to 
photodegradation indicates that this might be an important process for these types of compounds. In 
contrast, nitramines appear to be more photo-stable. The biodegradation of nitrosamines and nitramines is 
an important parameter in determining their potential for accumulation in aquatic matrices and for their 
human and environmental exposure. Initial studies indicate that the role of biodegradation of these 
compounds is complex and can differ significantly between compounds, in some cases being quite low. 
Importantly, the biodegradability of nitrosamines and nitramines appears to be dependent upon 
environmental conditions and compound concentration. It seems likely that these compounds will 
eventually reach an aqueous compartment (e.g. drinking water, ground water), but that none of the 
compounds are expected to have any bioaccumulation potential within organisms. However, this does 
imply that chronic exposure to low concentrations of these compounds could be an issue. 
 
6. Exposure limits 
The Norwegian Public Health Institute (NPHI) has proposed acceptable exposure levels based on 10-6 
lifetime risk of cancer following exposure to the nitrosamine, N-nitrosodimethylamine [13]. The NPHI 
assessment assumes all nitrosamines and nitramines are as carcinogenic as N-nitrosodimethylamine. N-
nitrosodimethylamine is considered one of the most carcinogenic nitrosamines, whilst the authors note 
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that the carcinogenicity of nitramines is generally considered to be significantly lower. Karl et al., [14] 
summarise existing safety limits for nitrosamines and nitramines following exposure by inhalation, 
drinking water and to the aquatic environment. Values range from 0.02 ng/m3 (inhalation; monthly 
average) to 7 ng/L (drinking water) for nitrosamines, and from 200 ng/L (aquatic environment) to 1 μg/L 
(drinking water) for nitramines. No inhalation data is available for nitramines. 
 
A first effort at modeling the environmental fate of emissions from a pilot CO2 capture plant has been 
completed for Technology Center Mongstad, Norway [6]. The work was based on a simple dispersion 
model, incorporating the main features of the atmospheric chemistry of amines and an estimated emission 
profile for the capture plant. Modeling of a "likely-case" scenario suggests emissions would result in 
maximal exposure levels equivalent to 1.5-3.2% of the suggested guideline values. While these are 
preliminary results from a simple model, they suggest that emissions from CO2 capture plants can be kept 
at levels resulting in negligible risk to human health and the environment. 
 
7. Baseline survey 
A baseline survey has been recently been conducted for Technology Center Mongstad[15]. In this study 
surprisingly high levels of alkylamines were found, while no nitrosamines or nitramines were found. 
Alkylamines were found in concentrations ranging from Levels ranging from 5 ng/m3 to 25 ng/m3. At 
such amine concentrations one would also expect to find quantifiable levels of nitrosamines and 
nitramines. That the nitrosamines and nitramines were not found suggest that there are still some 
unresolved issues concerning the environmental chemistry of these compounds. The baseline survey also 
raises questions about how significantly a CO2 capture plant would contribute to amine levels in the 
environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8. Conclusions and knowledge gaps 
The main remaining issues concerning CO2 capture plant emissions are a lack of detailed emission data 
and atmospheric dispersion modeling. It would seem advisable for the first full scale capture plants to 
have detailed emission monitoring programs. There also remains some uncertainty concerning the 
environmental fate of nitrosamines and nitramines. Nitramines in particular have never been tracked as 
environment pollutants and their effects on humans are relatively poorly studied. Further work is required 
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to draw confident conclusions on the extent of nitramine formation, accumulation in the environment and 
potential for exposure to humans. 
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